Abstract Amplitude analysis of reflection seismic data reveals the presence of highly variable bed conditions under the main sticky spot and adjacent regions of the Kamb Ice Stream (formerly ice stream C). The sticky spot, which is a zone of bed that imparts high basal resistance to ice flow, is situated on a local topographic high composed of consolidated sediments or sedimentary rock. Any meltwater draining from upglacier along the base of the ice is routed around the sticky spot. The ice over the sticky spot includes, in at least some places, a seismically detectable basal layer containing a low concentration of debris, which locally thickens to 40 m over a topographic low in the bed. The ice-contact basal material ranges from dilated and highly porous to more-compacted and stiff, and perhaps locally frozen. The softer material is preferentially in topographic lows, but there is not a one-to-one correspondence between basal character and basal topography. We speculate that the 40 m thick frozen-on debris layer formed by glaciohydraulic supercooling of lake-drainage events along a basal channel during the former, active phase of the ice stream. We also speculate that loss of lubricating water, perhaps from piracy upstream, contributed to the slowdown of the ice stream, with drag from the sticky spot playing an important role, and with the basal heterogeneity greatly increasing after the slowdown of the ice stream.
Introduction
Ice streams are important in draining mass from the West Antarctic Ice Sheet (WAIS) to the ocean, and their imbalances contribute to sea level change [Jacobel et al., 2009; Joughin and Alley, 2011; Joughin et al., 2014] . The fast flow of ice streams is attained mainly through basal sliding and active deformation of subglacial sediments [e.g., Bentley, 1987] , so it is important to understand the basal mechanisms that control ice stream flow in order to predict the future of WAIS.
Ice streams often change rapidly [Bennett, 2003] . Some sectors of the WAIS have been losing mass through faster ice stream flow [Shepherd et al., 2012] . The glaciers of the Amundsen Sea Embayment, some of which have high velocities at the grounding line and relatively small ice shelves to provide buttressing, have especially contributed to recent WAIS mass loss [Jacobs et al., 2011; Mouginot et al., 2014; Rignot et al., 2008; Shepherd et al., 2012] . However, two ice streams draining into the Ross Ice Shelf have shown the opposite trend; Whillans Ice Stream (WIS-formerly ice stream B) has decelerated in the last few decades, and Kamb Ice Stream (KIS-formerly ice stream C) almost completely stagnated about 150 years ago, shifting from velocities high enough to open abundant surface crevasses (>120 m a À1 ) to its current slow speed of <10 m a À1 [Anandakrishnan and Alley, 1997b;  friction on "sticky spots" [Alley, 1993; Anandakrishnan and Alley, 1994; Anandakrishnan and Bentley, 1993; Anandakrishnan and Alley, 1997a; Anandakrishnan et al., 2001] while still leaving some basal water in places beneath the ice stream [Atre and Bentley, 1993; Bentley et al., 1998; Catania et al., 2003; Engelhardt, 2004; Kamb, 2001] . Diversion of water from KIS to WIS ("water piracy") was suggested as a mechanism to reduce the available water for KIS Anandakrishnan and Alley, 1997b] . Engelhardt [2004] suggested that wet basal conditions are primarily confined to relatively narrow and localized water channels present beneath the ice stream; changes in channelization may then have been important. Borehole data and heatflow estimates show that freeze-on occurs beneath KIS Christoffersen et al., 2010] , such that lubricating water decreases along flow; a time-trend to increasing freeze-on perhaps from the longterm evolution in response to the end of the last ice age may have contributed to the slowdown.
Several authors have proposed that reactivation of KIS is possible [Bougamont et al., 2003; Jacobel et al., 2009; Vogel et al., 2005] . Wet basal conditions exist in certain sections along KIS [Catania et al., 2003; Engelhardt, 2004; Peters and Anandakrishnan, 2007] , and a large bulge is growing where still-active tributary flow reaches the stagnant main body of KIS Price et al., 2001; Joughin et al., 2002] , which might propagate downglacier and reactivate the ice stream [Vogel et al., 2005; Engelhardt and Kamb, 2013; Bougamont et al., 2015] . Questions about causes of the KIS shutdown and possible reversal likely will be answered by additional modeling, which must be guided by data addressing the key conditions and processes.
To contribute to this effort, here we present the results of a seismic reflection experiment performed across a prominent feature on the main trunk of KIS that we refer to as a "sticky spot" (Figure 1) . The feature appears prominently in satellite imagery as a teardrop-shaped feature with ice flow lines diverging around it, suggesting that basal conditions differ between it and the surrounding ice stream, and possibly differed when the ice stream was active. We note that this feature of KIS is similar in many ways to "ice rise a" of the ice plain of adjacent Whillans Ice Stream and likely exists in a continuum of features, including ice rises in ice shelves, with elevated beds and locally higher resistance to flow [Matsuoka et al., 2015; Halberstadt et al., 2016] . To understand this basal feature of KIS, our reflection seismic line was oriented transverse to ice flow crossing from the sticky spot onto the adjacent ice stream (Figure 1 ). We conducted a seismic amplitude analysis to estimate basal conditions along the line. 
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Consistent with and extending local borehole observations [Kamb, 2001; Engelhardt, 2004] , we find that basal conditions now are notably variable both on the sticky spot and on the surrounding ice stream, with some regions of thawed and potentially deformable bed, while others are more consolidated or frozen. There are suggestions that the sticky spot was more variable than the surroundings when the ice stream was active. Furthermore, our seismic results suggest that basal water has frozen onto the base of the glacier, primarily within distinct subglacial channels, one of which appears to still contain thawed subglacial sediments.
Kamb Ice Stream Stagnation and Present Bed Condition
As noted above, the Siple Coast ice streams move rapidly by sliding over or deforming a layer of watersaturated soft sediments in which pore water pressures are high Blankenship et al., 1986; Kamb, 2001] . Small changes in bed properties may lead to slower basal motion, thus slowing the ice stream, as has occurred for KIS and is occurring for WIS [Anandakrishnan et al., 2001; Bindschadler et al., 1996; Luthra et al., 2016] .
Several geophysical studies have documented a soft, well-lubricated bed beneath parts of KIS, which would favor fast ice flow as in adjacent ice streams, but with KIS having some less-lubricated regions and generally greater spatial heterogeneity than adjacent ice streams [Atre and Bentley, 1993; Bentley et al., 1998; Catania et al., 2003] . Atre and Bentley [1993] interpreted their seismic reflection data as indicating regions of both unconsolidated dilated sediments and stiffer, more-consolidated sediments on KIS. Peters and Anandakrishnan [2007] performed a seismic amplitude analysis along a survey line oriented transverse to KIS about 30 km upstream of the sticky spot and found spatial heterogeneity with both dilatant and frozen bed conditions. Extensive radar analyses conducted by Catania et al. [2003] and Jacobel et al. [2009] concurred with the seismic and borehole work that portions of the bed of KIS are thawed, with the exception of the sticky spot that is likely frozen. Thus, portions of the bed of KIS remain favorable for fast flow and could contribute to reactivation in the future [Vogel et al., 2005] , but these well-lubricated conditions are not spatially continuous across the ice stream, and the sticky spot is especially prominent.
Low effective pressure (the difference between the ice-overburden pressure and the water pressure at the base of the ice) in a basal water system is typically associated with fast ice stream flow and is observed on both WIS and Bindschadler Ice Stream (BIS) Blankenship et al., 1986; Kamb, 2001] . Kamb [2001] also observed low effective pressure in parts of KIS from the borehole analyses. Engelhardt [2004] reported data from boreholes near and on the sticky spot upstream of our seismic line (Figure 1) . A borehole on the sticky spot encountered a frozen bed; water did not drain easily from the bottom of the borehole. Another, in the former ice stream away from the sticky spot, connected rapidly to a basal water system. Of two boreholes near the margin of the sticky spot, one penetrated a 1.4 m deepwater body (Figure 1 ), whereas the other connected to a water system after a delay suggesting some degree of freeze-on. This heterogeneity may be important, as discussed below.
Analyses of till from beneath the ice streams showed many similarities, but some differences that may be important. Measured mean till porosity was similar beneath KIS, WIS, and BIS, but KIS had more variability with a lower minimum porosity [Kamb, 2001] . Also, the maximum till strength on KIS was considerably higher than that of till beneath WIS [Kamb, 2001] .
The data remain sparse and somewhat noisy. In general, though, they indicate greater spatial heterogeneity beneath KIS than beneath adjacent ice streams, with some regions still well lubricated but others much less so.
Seismic Data Collection and Processing
A 10 km long multichannel seismic reflection profile was collected across the southern margin of the main sticky spot of KIS during the 2002-2003 Antarctic field season ( Figure 1 ). As noted above, this sticky spot is a prominent feature in satellite imagery, appearing as a teardrop shape with flow lines diverging to either side (Figure 1 ). The seismic line was oriented perpendicular to ice flow in order to image and quantify the subglacial properties along the line and compare conditions beneath the teardrop and beneath the streamlines. The seismic experiment was conducted near the location of boreholes drilled by Engelhardt [2004] beneath the KIS (Figure 1c) .
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We deployed a receiver array of 120 geophones at 10 m spacing for the 2-D seismic profiling. Sources were detonated at distances of 30 m and 1230 m from the end of the array, resulting in reflection data with sourceto-receiver distances that ranged from 30 m to 2420 m. The entire source-receiver array was then moved 300 m and the source detonations were repeated, resulting in a data set in which subsurface points were imaged multiple times at different incidence angles. Explosive charges ranged from 150 g to 900 g in size and were detonated in holes drilled to~20 m depth by using a hot water drill. The receivers were buried approximately 0.5 m below the surface to reduce surface noise and improve the signal-to-noise ratios (SNR).
Standard multichannel processing techniques were applied to generate an image of the seismic profile ( Figure 2) . A predictive deconvolution operator was used to reduce the strength of the so-called ghost 
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reflection that is observed in the data about 20 ms after the ice bottom reflection. The ghost reflection arises from the energy that reflects off the surface of the ice immediately after a shot, and then travels downward through the ice sheet, and is delayed by a small amount relative to the energy that travels directly downward. Bandpass and frequency-wave number (FK) filtering were used to remove energy from the direct wave arrivals (energy that travels along the surface directly from source to receiver) and other surface waves (air waves and multiply reflected trapped energy in the firn) that interfere with the ice bottom reflection. The primary energy of the seismic data peaks at frequencies of~150 Hz, which would generate a vertical resolution of approximately 6.5 m in ice. Finer vertical resolution is obtained for this frequency in the lower velocity materials likely to exist beneath the ice (water V p = 1500 m s
À1
, resolution = 2.5 m; unconsolidated sediments V p = 1550-2100 m s À1 , resolution = 2.5-3.5 m; and consolidated sediments V p = 2200-3000 m s
, resolution = 3.5-5 m).
We applied static corrections to adjust for the variations in the shot hole depths and for surface topography. After filtering, editing bad traces, and correcting for known sources of timing errors, the seismic data were corrected for the distance between the source and receiver (the so-called normal moveout correction or NMO). These NMO-corrected data for a source-receiver pair are equivalent to a seismic record taken with the source and receiver at the same location (zero-offset) if our knowledge of seismic velocities is accurate. The NMO-corrected traces for reflections off common points at the bed were then summed in order to improve the signal-to-noise ratio. The final outcome is a so-called common-midpoint stack, in which each trace is a zero-offset reflection record at 5 m spacing along the line.
Seismic Amplitude Analysis
The polarity and amplitude of a seismic reflection depend on the contrast in elastic properties (compressional or P wave velocity, V p ; shear or S wave velocity, V s , and density, ρ) across an interface [Aki and Richards, 2002] . In glacial environments, the nature of the subglacial material can be diagnosed by variation in reflector amplitude across a range of source-to-receiver offsets, together with the known properties of the ice [Anandakrishnan, 2003] . The observed displacement amplitude A recorded at a geophone from a seismic wave that reflects off an interface is given by [e.g., Peters et al., 2008 ]
Equation (1) shows that for a given incidence angle θ i , A is a function of the source amplitude (A 0 ); the reflection coefficient for the interface, (R); geometric spreading losses (γ); and attenuation losses (a) along the path length (r) from source to receiver. The contrast in elastic properties across the reflection interface controls R(θ i ) [Aki and Richards, 2002] . Thus, the reflectivity R(θ i ) off the ice bottom can be used to estimate properties of the subglacial layer if ice properties are known [Peters et al., 2008] .
At normal incidence, the P wave reflectivity is a function of the acoustic impedances Z i of the layers on either side of the interface:
The indices "1" and "2" refer to the upper and lower media, where Z i = ρ i V p is the acoustic impedance in the ith layer. At an ice-subglacial bed interface, more competent sediments and crystalline basement have higher acoustic impedance than ice (R 0 > 0), whereas water and water-rich sediments including high-porosity till typically have a lower impedance than ice (R 0 < 0).
We note that the sign of the reflection coefficient does not uniquely identify the subglacial material; however, numerous prior studies on KIS and adjacent ice streams [e.g., Atre and Bentley, 1993; Blankenship et al., 1986 Blankenship et al., , 1987 Peters and Anandakrishnan, 2007] , and especially those studies involving direct drilling [e.g., Christoffersen et al., 2010; Engelhardt, 2004; Engelhardt and Kamb, 2013; Kamb, 2001] , provide high confidence that reflections with R o < 0 arise from unconsolidated, water-saturated, dilated, and likely deforming subglacial sediments with high water pressure (low effective pressure) or from lakes. We do not find evidence for extensive lakes here, nor have other investigators [e.g., Fricker et al., 2016 , and references therein], so we refer to regions with R o < 0 as "soft beds," and to regions with R o > 0 as "hard beds," which may include relatively compacted tills and more consolidated rocks. We note that R o~0 (±0.1) likely arises from a till intermediate between "soft" dilated-deforming and "hard" compacted-lodged [Peters et al., 2007] (also see Leeman et al.
Journal of Geophysical Research: Earth Surface
10.1002/2016JF004181 [2016] , as well as Rathbun et al. [2008] , which update and extend relations among till strength, porosity, permeability, and other geotechnical properties, and Iverson and Zoet [2016, and references therein] for additional insights on till deformation). As discussed below, we confirm and extend this assumption by using amplitude variation with offset seismic experiments for selected parts of our seismic line, which indirectly incorporate information from shear waves because of conversions between compressional and shear waves during nonnormal-incidence reflection and transmission at the basal interface.
We first used the normal-incidence seismic data set to measure reflectivity changes along the seismic profile ( Figure 3 ). The reflection coefficient is nearly constant for angles of incidence less that 10°. Further, the raypath lengths are nearly identical, allowing us to interpret all seismic traces with θ i < 10°as if they were at normal incidence. This method has been successfully used in the past to constrain estimates of the character of the subglacial bed beneath various regions of the WAIS [Atre and Bentley, 1993; Bentley, 1971; Roethlisberger, 1972; Smith, 1997] . Following the approach of Holland and Anandakrishnan [2009] , we estimated the normalincidence reflection coefficient as
where A 1 and A 2 are the primary and multiple reflection amplitudes, respectively; H is the thickness of the ice column; and a is the attenuation in ice. The multiple reflection is energy that has made two round trips from surface to bed and back to the surface. Here the ratio of A 1 and A 2 removes the A 0 term in equation (1), since both reflections emanate from the same source. The attenuation "a" is internal friction within the ice (we take a = 0.2 km À1 [from Bentley and Kohnen, 1976] ), and H is the ice thickness (e 2aH accounts for reduction in observed amplitude due to loss of energy within the ice column). The SNR for A 1 was estimated by comparing the peak reflection amplitude to the energy in a 5 ms window before the reflection (an estimate of background noise), thus providing uncertainties in the signal. We excluded receiver amplitudes that were contaminated with noise from the surface waves.
Although normal-incidence amplitude analysis provides important information on subglacial conditions, it has limitations. The reflection coefficient at normal incidence depends only on the impedance contrast across the interface between the two layers, and it is not possible to separate the contributions of seismic velocity and density. Furthermore, R 0 does not include information about the S wave velocity of the bed, because there is no conversion from compressional to shear waves at normal incidence. (Our explosive sources do not generate much S wave energy, so we cannot conduct a similar analysis by using incident S waves.)
To further characterize the subglacial system, partially overcoming these difficulties, we performed amplitude variation with offset (AVO) analysis on two 300 m long sections of the bed (Figure 2) , following the technique applied by Peters et al. [2008] and Luthra et al. [2016] . (Practical constraints prevented application of the technique along the entire line.) All the reflection points in a section were analyzed together, under the assumption that the subglacial properties do not change significantly within a 300 m footprint, and informed by the lack of major change in the vertical-incidence data. This allows us to analyze a range of incidence angles from 0 to 50°. The properties of the ice were estimated from the seismic data (the NMO correction provides an accurate measure of velocity in the ice), using tabulated values for the density of ice (with some corrections for possible 
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entrained sediments-see section 5). We measured reflection amplitudes and estimated reflection coefficients at those angles. We used a least squares minimization technique to determine the elastic properties of the subglacial bed that best fit our estimates of the reflection coefficient (Figures 4 and 5) . The best fitting elastic properties, along with the elastic properties of ice that were used in the inversion, are listed in Table 1 .
As discussed in prior work such as Blankenship et al. [1986 Blankenship et al. [ , 1987 , shear waves provide sensitive probes for effective pressure in subglacial granular materials, and thus for porosity and dilatancy of the till. The converted shear waves also provide higher vertical resolution because of their lower velocity than that of compressional waves. We note, however, that due to the dominant wavelength of the seismic data, we cannot resolve layers thinner than~1 m, and our interpretations are guided by knowledge of the subglacial environment informed by borehole studies, laboratory experiments, and modeling.
Seismic Results and Interpretation
A spatially heterogeneous subglacial bed is observed across the sticky spot, ranging from dilatant till (which is favorable for fast ice flow), to frozen or lithified sediments (inhibiting fast flow). This is in agreement with inferences from previous radar studies [ Atre and Bentley, 1993; Bentley et al., 1998; Catania et al., 2003] . This is shown clearly by the phase of the seismic reflection from the bed, which is negative in some regions (R < 0; weak/soft beds), interspersed with regions of positive reflection phase (R > 0; stiff/stronger bed) (Figure 2 ).
Normal-incidence amplitude analysis reveals the reflectivity, and thus the contrast in material properties, along the seismic profile (Figure 3 ). Each data point in Figure 3 represents average conditions for a 70 m long section of the bed, and the centers of these sections are 300 m apart for adjacent data points. Weak or inconsistent reflections in some sections made it difficult or impossible to estimate the reflection coefficient accurately, as shown in Figure 3 . The data show a bed with a "strong" mode (reflection coefficient~0.15) and a "weak" mode (reflection coefficient~À0.15). Transitions between these occur over short distances, in some places in the~230 m gap between the closest ends of adjacent imaged areas of the bed.
The normal-incidence amplitude analysis reveals that the sticky spot, in general, has the characteristics of a relatively strong bed, with measured reflectivity values typically 0.15-0.2 (Figure 3) . However, distinct patches of weaker bed conditions are also observed across this region (e.g., sections 2400-3900 m and 5700-6300 m). These weak-bed sections are preferentially located in topographic troughs along the profile. Furthermore, the bed is relatively weak at the margin of the sticky spot and extending out into the ice stream (section 8400-9300 m).
The sticky spot is a large topographic high, but there is notable topography at shorter wavelengths. Topographic lows centered near 3300 m and 6500 m may be channels oriented across our seismic line and thus more-or-less along the direction of flow when the ice stream was active. (Note that the additional shallower reflector near 6500 m is likely a contact between dirtier and cleaner ice, as discussed below.) The topographic low near 3300 m is soft-bedded, and although there is a slight spatial offset, this is probably also true of the low near 6500 m. Well away from the sticky spot, in the flat-bedded portion of the ice stream (section 9300-10,500 m), the reflectivity indicates a stronger bed.
The two AVO analyses found contrasting subglacial bed properties (Figures 4 and 5 and Table 1 ). Both regions showed a weak reflector above the main reflector; we interpret this weak reflector as the contact between clean englacial ice and debris-bearing "dirty" basal ice. The borehole observations showed that KIS has 
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several meters of dirty basal ice [Kamb, 2001; Christoffersen et al., 2010] , which might be detected by the normal-incidence surveys but is more easily characterized in the AVO; we return to this below.
The main basal reflector in the AVO section 4600-4900 m shows a consistent positive reflection for all incidence angles. AVO is sensitive primarily to the contrast between the two layers. We have generated two models that we consider to be most consistent with the data and our understanding of the setting: (1) ice with low debris concentration overlying a layer of sediments with relatively low porosity or (2) ice with low debris concentration overlying ice with high debris concentration.
We prefer the former model mainly because in case (2) we would expect to see, but do not, an additional reflector from the contact between the debris-laden ice and the thawed till or bedrock beneath it. While the absence of evidence does not rule out model (2), we consider model (1) to be more likely because of its similarity to other regions of the ice stream. (Below, we discuss the region from 6000 to 6300 m, where there is evidence for a three-layer (ice/ dirty-ice/sediments) basal environment.) Assuming model (1), with nearly clean ice over a sedimentary layer, we estimate that the sediment is relatively well consolidated (V p = 2100 m s ; Table 1 ). We note that our data, and this model, do not exclude a layer of ice with high debris concentration between the low-debris-concentration ice and the well-consolidated sediments, but that is too thin to resolve seismically.
In contrast, the main reflector in the channel at 6000-6300 m has a negative polarity with weak reflection strength at all incidence angles, suggesting the presence of thawed, dilated sediments. In this region, we more clearly observe an englacial reflector, which we interpret as the top of a layer of sediment-laden ice [Engelhardt, 2004] . The layer is approximately 40 m thick at its thickest point, a large value that we discuss below.
In the calculations above, we assumed the seismic properties of clean ice for materials above the main basal reflector. However, the borehole observations of Engelhardt [2004] and our seismic observations suggest that clean ice overlies dirty ice that is thick enough to be resolved seismically, and this dirty ice overlies the bed. If so, then the bed may have a slightly greater acoustic impedance than we have estimated, because the overlying ice has a higher density and a slightly lower seismic velocities than we have assumed [Bentley, 1972] . In principle, we could apply AVO to the clean ice/dirty ice contact to determine the debris concentration of the dirty ice, and then use that result at the deeper interface to accurately estimate subglacial properties. However, the clean ice/dirty ice reflector is weak with poor SNR, precluding quantitative estimates of ice properties.
In Figure 6 , we show the calculated reflection strength from an interface with clean ice over dirty ice containing 5%, 10%, or 20% debris by weight. For concentrations of~10% or above, we estimate that the reflection from a seismically thick layer would be strong enough for useful application of AVO. Because we see a clean ice/dirty ice reflector but cannot characterize it accurately, we estimate that the debris concentration is~5% in the dirty ice resolved by our seismic experiment, although with notable uncertainties. (Thin layers of debris-rich ice with higher concentrations may be present but not resolved [Christoffersen et al., 2010] 
.)
To assess the possible effects of this dirty ice layer on the inversion for sediment properties, we repeated the AVO models assuming that the upper layer is dirty ice containing either 5%, 10%, or 20% debris by weight Figure 6 . Forward model illustrating the reflectivity contrasts for a clean ice over dirty ice contact of 5, 10, and 20%. A 5% dirty ice contact produces a faint reflection coefficient across the incidence angle and will make an insignificant change to the overall bed properties. However, the 10-20% dirty ice case generates a relatively strong reflectivity and if unaccounted can significantly misrepresent the seismic properties at the bed. Table 2 ). As shown in Table 2 , the estimated density of the subglacial sediments changes significantly with the assumed debris concentration of the overlying ice, but seismic velocities of the sediments are little affected over the range of debris concentrations in the ice than we consider likely. Thus, given the likelihood that there is debris-bearing ice at the base of the ice stream, the bed is probably somewhat more consolidated than would be estimated assuming clean ice to the bottom; however, the effect of the debris-bearing ice on estimated basal conditions is small and does not change the basic inference that basal conditions vary strongly, with some materials still relatively unconsolidated and thus likely soft.
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Discussion
Our seismic survey was designed to study the base of the ice and its interaction with the substrate but provides enough evidence to show that the sticky spot is underlain by deeper sedimentary layers. From analogy to results of other studies in the region and from geologic understanding, the topographic high that underlies the sticky spot likely exists because of prior uplift linked to deeper structural control associated with the West Antarctic Rift System [e.g., Rooney et al., 1991; Muto et al., 2013 ; also see Matsuoka et al., 2015; Luthra, 2017] , and thus has been a persistent feature of the ice stream system. The KIS subglacial hydrological potential map calculated assuming water pressure equal to ice overburden pressure (Figure 1d) shows that any water flowing from upstream is directed around both the sticky spot and the rest of our seismic line (Figure 1d ). We note, however, that ice stream flow continues across a sticky spot on WIS that would similarly be isolated from water supply from upglacier if hydropotential were equal to the ice overburden pressure; however, seismic data for that WIS sticky spot indicate that dilated, lubricating till contributes to the continuing ice stream motion [Luthra et al., 2016] . The likely explanation is that the WIS flow generates high shear stress on the sticky spot there, which lowers the hydropotential on the sticky spot and pumps lubricating water onto it, especially during the earthquakes that now enable most of the WIS motion (equivalent to the suction pump action at dilational fault jogs of tectonic earthquakes) [Winberry et al., 2014; Luthra et al., 2016] . At present, slow-moving KIS cannot similarly transfer stresses [Walker et al., 2016] to drive large earthquakes that would pump water onto the sticky spot, but such behavior may have occurred in the past when KIS was active.
The most prominent difference in basal conditions between KIS and neighboring active ice streams including WIS is that the bed of KIS is more variable, with strong zones interspersed with weaker and potentially deformable ones. Our observations confirm earlier geophysical and borehole studies that portions of the bed of KIS remain soft, with high water pressure and weak, high-porosity tills. Interpretations of earlier seismic experiments on KIS that did not include the effects of debris in basal ice may have indicated tills somewhat weaker than actually exist, but even allowing for this, deformable tills still are known from borehole studies and geophysics. Unlike WIS, however, other portions of the bed of KIS are strongly consolidated or frozen, as shown by borehole observations [Kamb, 2001; Engelhardt, 2004] as well as geophysical data.
The results from the sticky spot on WIS likely are relevant. When an ice stream is moving rapidly, a local region of the bed cannot easily become dewatered or frozen, because stress transferred from surrounding regions will restore its motion, generating frictional heat or pumping in water to lubricate it. If the ice stream speed or water availability drops, however, then the ability to lubricate a sticky spot also drops, and beyond some threshold the ice stream may stop, as observed for KIS. ), V s = 400-1000 (m s À1 ), and density = 1500-2400 (kg m À3 ). For section 6000-6300, the range for ) were used in the model. The dirty ice is likely to contain about 5% debris, as discussed in the text, so the effect on the estimated bed properties is small.
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We next return to our inference of 40 m of frozen-on ice containing a low but nonzero concentration of debris (~5%) in the basal low at 6500 m on our survey. The weak reflector is clear in Figure 2 . We lack additional parallel lines or crossing lines, and there is no borehole through the feature, so we cannot entirely exclude other hypotheses. We have attempted to construct models in which this feature results from an off-axis reflection or reflections, and have not found this to be likely; we consider it most likely that it is a channel oriented along the former ice stream flow direction and thus perpendicular to our survey line. We note that at least local occurrence of channelized subglacial water flow has been inferred for this general region of West Antarctica, based on data including observations of deglaciated regions in the Ross Sea [Halberstadt et al., 2016] and on geophysical surveys near the modern grounding zone of Whillans Ice Stream .
The weak reflector is similar to reflectors observed elsewhere on our line. This similarity, together with the knowledge that debris-bearing ice is present in at least some places in our survey region [Engelhardt, 2004] , argues for our interpretation of a contact between clean and debris-bearing ice. We have considered the possibility of a reflection from a change in c axis fabric and find it unlikely that such a transition would occur with the observed configuration; the locally low bed would not lead to concentrated deformation in the observed pattern of the reflector. Tectonic processes might have thickened an otherwise thinner layer; however, this layer occurs at a location where the bed is locally low, making it unlikely that compressive deformation would greatly thicken the ice. We do not believe that we can completely exclude any of these possibilities, but we do not favor them.
Freeze-on rates beneath the ice stream are generally limited by heat conduction into the ice and may bẽ 4 mm a À1 [Engelhardt, 2004; Christoffersen et al., 2010] . At that rate, it would take 10,000 years to form a 40 m thick layer of ice; however, even local surface accumulation from snowfall on an isolated sticky spot would lead to steady flow that would move the ice away in that much time, and other possible flow patterns would move frozen-on ice away more rapidly. Hence, if this is frozen-on debris-rich ice that has not been greatly thickened by tectonic processes, faster accretion seems required in this region than in the surroundings. We hypothesize that this ice accreted in a basal channel through the "glaciohydraulic supercooling" process Alley et al., 1998; Creyts and Clarke, 2010] .
In this scenario, the water flowing up an overdeepened bed is supercooled and subsequently freezes due to the increase in the pressure-melting temperature at the base of the ice, entraining sediment at low concentration ]. Typical outburst floods generate excess heat and melt ice, but those of the Siple Coast ice streams are quite slow [e.g., Fricker et al., 2007; Fricker and Scambos, 2009; Winberry et al., 2009] and may indeed occur in the supercooling field. Thus, we consider it possible, and worthy of further modeling, that lake drainages followed the channel across the flank of the sticky spot and perhaps into a surface low in the lee of the sticky spot, supercooling as they rose up the bed slope and accreting ice. Even with lake drainages, a considerable amount of time may have been required to accrete 40 m of ice, perhaps suggesting that the sticky spot and its channel were stable for some interval before the shutdown of KIS, and that the ice stream may have stopped moving rapidly across the sticky spot (or never moved rapidly?) before the adjacent ice stream slowed greatly. Much additional modeling would be required to test these speculations.
Conclusions
A seismic survey including amplitude analysis and imaging was completed across the main sticky spot near the center of KIS, West Antarctica. Interpretations guided by prior borehole and other studies reveal strong spatial variability of bed conditions. The sticky spot rests on a local topographic high composed of sedimentary layers. Any modern subglacial water flow is routed around the sticky spot if the hydropotential is close to the weight of the ice. The seismic data reveal a weak reflector that likely is the top of the debris-bearing ice documented in borehole observations; based on the strength of this reflector in our survey, debris concentration is probably low (~5%) in the seismically resolvable layer. Materials beneath the ice range from dilatant till to more-consolidated sediments, with a tendency for potentially deformable till to be in topographic lows and in the flat region off the edge of sticky spot, but with notable exceptions. In one location, a basal channel containing dilatant till is overlain by as much as 40 m of what we interpret to be frozen-on ice with a low but
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nonzero debris concentration; we hypothesize that this represents accretion from glaciohydraulic supercooling of lake-drainage events routed along the channel when the ice stream was still active.
The great heterogeneity of the bed of KIS stands in marked contrast to the uniformity of the bed of adjacent WIS and other active ice streams. This likely represents the ability of a fast-moving ice stream to redistribute stress and lubricant, with heterogeneity emerging after KIS stopped. Water piracy or other loss of water likely contributed to the stoppage, with the sticky spot playing an active role in restraining the ice motion.
